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Abstract
Without breaking Lorentz invariance, we investigate the speed of graviton in
event GW150914 by using the modified dispersion relation from gravity’s rainbow.
The proper range of the parameter in the modified dispersion relation is determined
by taking into account the gap between the speed of the graviton and that obtained
from event GW150914.
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1 Introduction
Gravitational waves have been theoretically predicted as a solution to the lin-
earized weak-field equation in general relativity. The wave, moving at the speed of
light, could be generated from the quadrupole moment of a massive source [1, 2];
however, the amplitude of the wave was expected to be extremely small at that
time, so the detectors should be sensitive enough to observe the wave. Subse-
quently, it was found that long-baseline broadband laser interferometers could
satisfy the sensitivity to detect gravitational waves, which led to the construction
of the Laser Interferometer Gravitational-Wave Observatory (LIGO) [3]. Eventu-
ally, the Advanced LIGO with improved sensitivity and performance succeeded in
detecting the signal of event GW150914 [4]. Precisely, the signal from a luminosity
distance of 410+160
−180
Mpc has a frequency range from 35 to 250Hz, and the ampli-
tude reaches the maximum at 150Hz. The initial black hole system consists of two
black holes with masses of 36+5
−4
M⊙ and 29
+4
−4
M⊙. After the ringdown of a single
black hole, the mass of the final black hole becomes 62+4
−4
M⊙, such that in the pro-
cess of the binary merger, the released energy of the gravitational wave amounts to
3.0+0.5
−0.5M⊙c
2. From event GW150914, the LIGO Collaboration itself [4] has sug-
gested that the upper bound on the mass of the graviton is mg < 1.2× 10
22eV/c2,
so it implies that the observations of the gravitational wave might be used as a
constraint to quantum physics.
In the quantum regime, assuming there exists a minimal length at the Planck
scale, special relativity could be extended to the doubly special relativity [5–10],
in which both the Planck length and the speed of light are required to be invariant
under any inertial frames. To maintain the double invariant constants, a deformed
Lorentz symmetry could be realized by making use of a nonlinear Lorentz trans-
formation, which yields the modified dispersion relation (MDR). On the other
hand, the MDR has also been formulated on the backgrounds of gravity by us-
ing gravity’s rainbow [11], where the spacetime is probed by the test particles so
that its geometry is characterized by the energy of the test particles. Along the
line of gravity’s rainbow, there have been extensive studies on black holes and
cosmology [12–28].
The possibility of the Lorentz violation might be constrained by the bound
on the mass of the graviton using the speed of the propagation for the graviton
[29]. The speed of the propagation for the graviton was due to the bound on the
1
mass. The bound on the propagation for the graviton could be originated from the
effect of the MDR having the Lorentz violation. Using event GW150914, various
types of MDRs for the Lorentz violation have been tested by using the bound
on the propagation, and then the quantum-mechanical constraints were specified
by the MDR [30]. In this work, instead of breaking of Lorentz invariance, we will
investigate the speed of the graviton in event GW150914 by using gravity’s rainbow
[11]. Given by the bound on the mass of the graviton from event GW150914, the
speed of the graviton can be applied to specify the range of the parameter of the
MDR [31–33] in the regime of gravity’s rainbow. We will show that the effect of
gravity’s rainbow is very small in low energy event of GW150914. The paper is
organized as follows. In section 2, we will introduce gravity’s rainbow. In section 3,
the effect of gravity’s rainbow will be specified by the difference between the speeds
of the graviton and light. In section 4, we briefly summarize our results.
2 Review of Gravity’s Rainbow
Doubly special relativity is the class of theories in which the Planck length is
also suggested invariant under any inertial frames, as well as the speed of light.
Doubly special relativity is described under the modified set of principles in special
relativity [7]. The principles are:
(1) The relativity of inertial frames.
(2) In the limit of low energy relative to the Planck energy, the speed of massless
particle becomes a universal constant, c for all inertial observers.
(3) The Planck energy is also a universal constant, ωp, for all inertial observers.
Based on these principles, gravity’s rainbow is suggested to generalize doubly
special relativity to the frame of general relativity. In gravity’s rainbow, the space-
time geometry probed by a test particle is deformed along the particle energy ω.
In the deformed spacetime, the dispersion relation of the particle having mass m
and momentum p is also modified to the MDR [11]
ω2g1(ω/ωp)
2
− (pc)2g2(ω/ωp)
2 = (mc2)2 , (1)
where ωp is the Planck energy. There are two principles to be emphasized in
Gravity’s rainbow [11]. These are
(1) Modified equivalence principle: For a large radius of curvature R relative to
2
the inverse of Planck energy
R≫
1
ωp
, (2)
the laws of physics are observed to be the same as those of the modified special
relativity to first order in 1R for the freely falling observer who measures a particle
with energy ω, so that
1
R
≪ ω ≪ ωp . (3)
Freely falling observers to first order in 1/R can be inertial observers in rainbow
flat spacetime. They describe the spacetime in terms of the family of energy
dependent orthonormal frames that
e0 =
1
g1(ω/ωp)
, e1 =
1
g2(ω/ωp)
, (4)
in which the metric is given by
g(ω) = ηabea ⊗ eb . (5)
(2) Correspondence principle: In the limit of low-energy, ω/ωp ≪ 1, the theory
becomes ordinary general relativity, so that
lim
ω/ωp→0
gab(E) = gab . (6)
The MDR is determined by the rainbow functions g1(ω/ωp) and g2(ω/ωp), where
they depend upon specific models. Without the particle, the MDR reduces to that
of special relativity, so the rainbow functions should satisfy limω→0 g1(ω/ωp) = 1
and limω→0 g2(ω/ωp) = 1.
We choose phenomenologically motivated rainbow functions [31–33] as
g1(ω/ωp) = 1 , g2(ω/ωp) =
√
1− η
(
ω
ωp
)n
, (7)
where the free parameter η is positive, and the exponent n is positive integer.
3 The Speed of Graviton in Event GW150914
We will specify the parameter η in the MDR of gravity’s rainbow. First, the
Lorentz invariant dispersion relation for the massive graviton is
ω2 = (pc)2 + (mgc
2)2 , (8)
3
where the mass of the graviton is mg. The speed of the graviton is given by the
group velocity of the wave front [30]
vg =
dω
dp
≈ c
(
1−
1
2
(
mgc
2
ω
)2)
, (9)
where the speed of the graviton is slower than that of the light. The energy
of the graviton will be assumed to be 250Hz, which is the maximum energy in
event GW150914. The difference between the speed of the graviton and light is
constrained by event GW150914
∆vg = c− vg =
(
m2gc
4
2ω2
)
c < 2.0× 10−12m/s, (10)
where the graviton mass is obtained as mg < 1.2 × 10
22eV/c2 [4]. On the other
hand, the MDR of the massless particle from Eqs. (1) and (7) is given as
ω2 − (pc)2
(
1− η
(
ω
ωp
)n)
= 0. (11)
The speed of the massless graviton is obtained from the group velocity as
v =
dω
dp
≈ c− η
(
ω
ωp
)n
c−
ηnc
2
(
ω
ωp
)n
. (12)
The speed of the massless graviton is slower than that of light. From the upper
bound on ∆vg, the inequality can be set to
∆v = η
(
1 +
n
2
)( ω
ωp
)n
c = ∆vg < 2.0× 10
−12m/s , (13)
where the deviation depends on the particle energy. Choosing n = 2 in Eq. (13),
we can fix the parameter η at the frequency 250Hz as
0 < η ≤ 4.6× 1059 . (14)
The upper limit of the rainbow effects is effectively given as
η
(
ω
ωp
)n
≤ 3.3× 10−21 , (15)
where the rainbow effects become very small.
4 Conclusion
From the event GW150914, in order to explain the reason why the speed of the
gravitational wave is smaller than that of the light, we determined the parameter η
4
in gravity’s rainbow without introducing the graviton mass, where the parameter
η was specified as smaller than 4.6 × 1059. However, this is not a large number,
because the rainbow effect is effectively estimated to be lower than 3.3× 10−21.
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